Summary Few studies exist for bone densitometry of the whole foot. A phantom study demonstrated the sources of error and necessary controls for accurate quantitative computed tomography of the foot. A loss in bone mineral density (BMD) in the small foot bones may be an early indicator of diabetic foot complications. Introduction Volumetric quantitative computed tomography (vQCT) facilitates the assessment of pedal bone osteopenia, which, in the presence of peripheral neuropathy, may well be an early sign of diabetic foot deformity. To date, sources and magnitudes of error in foot vQCT measurements have not been reported. Methods Foot phantoms were scanned using a 64-slice CT scanner. Energy (in kilovoltage peak), table height, phantom size and orientation, location of "bone" inserts, insert material, location of calibration phantom, and reconstruction kernel were systematically varied during scan acquisition. Results Energy (in kilovoltage peak) and distance from the isocenter (table height) resulted in relative attenuation changes from −5% to 22% and −5% to 0%, respectively, and average BMD changes from −0.9% to 0.0% and −1.1% to 0.3%, respectively, compared to a baseline 120-kVp scan performed at the isocenter. BMD compared to manufacturerspecified values ranged, on average, from −2.2% to 0.9%. Phantom size and location of bone-equivalent material inserts resulted in relative attenuation changes of −1.2% to 1.4% compared to the medium-sized phantom. Conclusion This study demonstrated that variations in kilovoltage peak and table height can be controlled using a calibration phantom scanned at the same energy and height as a foot phantom; however, error due to soft tissue thickness and location of bones within a foot cannot be controlled using a calibration phantom alone.
Introduction
Neuropathic Charcot's arthropathy (NCA) is a debilitating complication of diabetes mellitus and peripheral neuropathy (DM+PN), which results in the highest incidence of amputation [1] among people with diabetes. NCA is characterized by a swollen, temperature-elevated foot, with an accompanying fracture or dislocation of one or more pedal bones [2] . Though the pathogenesis of NCA is incompletely understood, it is generally believed that distal symmetrical polyneuropathy leads to a poorly regulated blood flow and bone resorption, which places a foot at risk for an acute Charcot event [3] . Pedal bone osteopenia, as characterized by low bone mineral density (BMD) of one or more foot bones in the presence of DM+PN, may well be the earliest sign of the onset of NCA. Midfoot bones and joints appear to be especially susceptible, as tarsal-metatarsal bones (Lisfranc joints) are the most common site of Charcot destruction [4, 5] . Early detection of prognostic indicators of NCA in pedal bones may lead to early intervention and better outcomes from this devastating condition [6] . When using bone densitometry to quantify BMD of Charcot-afflicted feet, it is important to discern changes in BMD that are attributable to actual change in bone structure from measured changes in BMD that are simply a byproduct of swelling, foot orientation, or scanning technique.
Quantitative computed tomography (QCT) in the spine has been well-documented [7] [8] [9] , but few studies exist for the foot. QCT may provide valuable information regarding BMD of all the foot bones; however, for proper interpretation, it is important to understand measurement properties, the potential sources of variation in the measurement, and how to control parameters to achieve optimal results and accurate interpretation. QCT involves converting grayscale values that are calibrated in Hounsfield units (HU) [10] to values of BMD through the use of a calibration reference phantom that has a known concentration of bone surrogate material within a collagen surrogate substrate [11, 12] . Factors relating to the scan acquisition, such as beam hardening in the X-ray energy spectrum, can influence the measured HU values, resulting in different values for the same tissue in different positions of the foot. Also, different scanners or the same scanner at different times could give varying results (although this effect is greatly diminished by modern scanner calibration techniques). Errors in HU values due to imaging technique and errors from the reference calibration object contribute to errors in estimates of BMD from QCT.
The purpose of this study is to determine the influence that technical and biological parameters have on volumetric quantitative computed tomography (vQCT) of the foot and to examine issues involved in converting HU to BMD (in units of milligrams of hydroxyapatite [HA] per cubic centimeter). Beam spectrum is studied by varying the energy (in kilovoltage peak), and beam hardening is studied by varying the size, location, orientation, and composition of a foot phantom within the polychromatic, nonuniform Xray fan beam. In order to isolate the effects of different elemental compositions, the objects studied consisted of homogenous materials, without any microstructure such as those found in biological tissues. The method of HU to BMD (in milligrams of HA per cubic centimeter) conversion, using scans of a reference phantom calibrated over the trabecular range (0-200 mg HA/cm 3 ), was studied by scanning the calibration phantom both in and out of the field of view (FOV) of the test object (foot phantom) and by testing phantoms with densities in the cortical bone range. We discuss the implications that these results have on our existing vQCT protocol for examining diabetic, neuropathic feet with and without acute NCA.
Materials and methods

Phantoms
A commercial phantom (QCT-Bone Mineral™ phantom, serial no. 4225; Image Analysis, Inc., Columbia, KY, USA) has been employed in our human subjects research protocol to generate conversion equations to map HU to BMD. The Image Analysis (IA) calibration phantom consists of three embedded rods (20 mm in diameter) with different concentrations of HA embedded in a water-equivalent polymer housing, with dimensions of 300×152×32 mm. These rods consisted of the specified concentrations of 50.0, 100.0, and 200.0 mg HA/cm 3 with an accuracy of ±0.5%. This phantom, shown in Fig. 1 (bottom of a and b), was designed for QCT studies of trabecular regions of bones and has a maximum concentration of 200 mg HA/cm 3 . We used the IA calibration phantom for our vQCT study; however, other calibration phantoms could be used instead.
Three foot phantoms were constructed in our machine shop from a block of Solid Water™ (Gammex RMI, Madison, WI, USA), an accepted CT surrogate material Fig. 1 IA calibration phantom (bottom) and medium-sized foot phantom with QRM inserts (top) are illustrated. a 3D rendering of the scanned portions. b Cross-section through both phantoms and the circular ROIs (black) for that slice that were used to measure attenuation in HUs. The ROI to the far left in the IA calibration phantom (bottom) is the "water" reference for soft tissue. These phantoms had cavities machined to accept five cylindrical, 60-mm long inserts, one with a diameter of 19 mm and four with diameters of 9 mm, as shown in Fig. 1 (top of a and b) . The machining process assured a tight fit of the inserts to minimize any air gap. Inserts of different materials were constructed to represent different bone densities. The only difference in the three foot phantoms was the amount of soft tissue surrounding the inserts. The height-width dimensions of the small, medium, and large phantoms were 3.81×7.62, 5.715× 10.16, and 8.89×12.065 cm, respectively. The size differences in the foot phantoms were chosen to test the effects of swelling and soft tissue differences on measured attenuation (HU).
Inserts
To test the variation in BMD values over the experimental conditions, inserts containing HA crystals embedded within a soft tissue surrogate (epoxy resin) substrate were custom ordered from QRM (QRM GmbH, Moehrendorf, Germany). The inserts were designed and manufactured to fit within the three foot phantoms and to cover the HU range from water to cortical bone. The QRM inserts were used to test the linearity of the CT scanner, to test the accuracy of the HU to BMD conversion in the cortical range when extrapolating values from the IA calibration phantom, and to test the ability of a BMD calibration scan to control for variation in scanning technique and foot morphology (soft tissue thickness and bone location within soft tissue). The QRM inserts consisted of the specified concentrations of 0.0, 51.54, 99.52, 206.44, 400.22, 816.3, and 1,024.05 mg HA/cm 3 . One insert of each HA concentration was purchased in the 9×60-mm size and an additional two inserts with specified concentrations of 0.0 and 1,024.05 mg HA/cm 3 were purchased in the larger 19× 60-mm size. We will refer to these inserts as HA0, HA50, HA100, HA200, HA400, HA800, and HA1000. Four of the QRM inserts (HA0, HA50, HA100, and HA200) approximated concentrations of HA used in the IA calibration phantom. To test the effects of insert location and foot phantom orientation, five additional inserts of polychlorotrifluoroethylene (PCTFE; a surrogate material for cortical bone) were machined to tightly fit within the cavities of the foot phantoms.
Image acquisition
For scanning purposes, a holder was manufactured, which attached to the scanner table and incorporated a "split-ball" vise (PanaVise Products, Inc., Reno, NV, USA), to position (tilt, turn, and rotate) a phantom in an open gantry with no other objects, including the scanner bed, present in the scanner FOV. The holder attached directly to the scanner's mounting bracket that is used to hold a quality assurance phantom during daily scanner calibration. All scans were performed on a 64-slice Siemens Somatom Definition CT Scanner (Siemens Medical Solutions, Forchheim, Germany). A baseline protocol was defined as 120 kVp, 2 rotations/s, spiral mode, table feed of 38.4 mm/rotation, 64×0.6 mm, pitch of 1, 220 effective mAs, 308 mm FOV, 160.5 mm table height (phantom centered at the scanner isocenter), 0°phantom inclination, and medium-sized foot phantom. A high-resolution kernel (B70f) was used to reconstruct the images. Parameters that were varied about this baseline included energy (in kilovoltage peak), distance from isocenter (table height), amount of soft tissue surrounding inserts (foot phantom size), the angle of foot orientation during scanning (angle), the insert material, the location of the inserts within the phantom, the location of the calibration phantom during scan acquisition, and the reconstruction kernel. For each scan of the foot phantom, a separate scan of the IA calibration phantom was performed at the same settings, with the exception of the scan where the IA calibration phantom was scanned while in contact with the foot phantom.
Placement of IA calibration phantom
To test the effect of having the IA calibration phantom in contact with the foot during scanning, as recommended by the phantom manufacturers for spinal QCT, compared to performing a separate scan of the IA calibration phantom at the same table height as the foot, we performed a scan using the medium-sized foot phantom, with QRM inserts, in the following order: (1) HA0, large insert; (2) HA200; (3) HA400; (4) HA800; (5) HA1000. The IA calibration phantom was clamped into the mounting vice and leveled. The medium-sized foot phantom was placed atop the IA calibration phantom, in direct contact, and the scanner table was raised until the center of the foot phantom was positioned at the isocenter, as determined by the positioning lasers on the scanner. A 3-cm-long scan was then performed through the central region of the phantoms using the baseline scanning parameters. The IA calibration phantom was removed, and the foot phantom was scanned alone. The IA calibration phantom was then repositioned at the isocenter and also scanned alone.
CT scan linearity and stability
To test the linearity of the CT scanner across the density range from trabecular to cortical bone, a scan of five QRM inserts HA0, HA200, HA400, HA800, and HA1000 was performed at the isocenter. To test the stability of the CT scanner, the IA calibration phantom was repositioned in the holder at the isocenter, and a scan was performed. This scan was compared to the earlier IA calibration scan performed at the isocenter.
Test of X-ray tube energy on HU and BMD
To test the effect of X-ray tube energy on HU and BMD, four scans of the medium-sized foot phantom were performed at 80, 100, 120, and 140 kVp using the baseline scanning parameters. The foot phantom was not repositioned between scans. Scans of the IA calibration phantom alone (at the isocenter) were performed at 80, 100, 120, and 140 kVp. A 140-kVp scan is not a good option for QCT of the foot due to higher dose; however, we included it in our study as it is available for extremity scanning and provides an additional reference point.
Test of distance from isocenter on HU and BMD
To test the effect of object distance relative to the isocenter on HU and BMD, the table was lowered 134.5 mm, representing the lowest position at which a foot scan could occur within the gantry, and a scan was performed of the medium-sized foot phantom using the baseline scanning parameters. The table was then raised 68 mm to represent a midlocation (66.5 mm from the isocenter) within the gantry, and a scan was performed with all other imaging and foot phantom parameters left unchanged. The IA calibration phantom scans were also performed at these table heights.
Impact of foot phantom size and insert location on HU As a test of bone location and soft tissue thickness on HU values, and thus on BMD, five bone inserts of identical material (PCTFE) were placed in the small, medium, and large foot phantoms and scanned using the default scanning parameters.
Effect of foot phantom orientation
To test the effect of placing a foot at a 45°angle during scan acquisition, the medium-sized foot phantom was scanned at 0°of inclination and then again at 45°of inclination. For these scans, the five inserts were all made of identical material (PCTFE).
Effect of reconstruction kernel
To test the effect of CT reconstruction kernel on BMD values, the X-ray projection data for the default scan were reconstructed using Siemens B30f, B35f, B40f, and B70f kernels. The corresponding IA calibration phantom scan data were reconstructed using the same kernels and were used to construct kernel-specific calibrations to convert HU to values of BMD.
Measurements
Reconstructed image sets were saved in DICOM format, transferred to a standalone workstation, and loaded into the Analyze software system [13] for region of interest (ROI) measurements. For the three different-sized foot phantoms, five ROIs were defined, i.e., one region for each insert. These ROIs were defined on 34 contiguous slices covering 2.04 mm in length. For the large insert, an 11.6-mmdiameter circular ROI was defined, and for the small insert locations, 3.9-mm-diameter circular ROIs were defined (Fig. 1b, top) . The ROIs were sized to exclude edge effects. For the four-component IA calibration phantom, four ROIs were defined using 11.6-mm-diameter circular ROIs (Fig. 1b, bottom) . For scans of the foot phantom that contained the QRM inserts and for scans of the IA calibration phantom, the same image mask was used to measure all scans. For the scans where the table positions were adjusted, simple translations were performed to align ROIs within the inserts. For the scans testing the angle of foot orientation and foot phantom size effects, where only the PCTFE inserts were used, the ROIs were similarly defined, except that they were defined individually for each scan, as the foot phantoms were moved between scans and the translations and rotations necessary to precisely align a predetermined ROI in three dimensions could not be easily determined.
The IA calibration phantom scans, acquired under the same conditions as the foot phantoms being examined, were used to convert the measured HU values of the QRM inserts into corresponding BMD values (in milligrams of HA per cubic centimeter).
Results
Placement of IA calibration phantom
The effects of scanning the medium-sized foot phantom, with and without the IA calibration phantom in the FOV, are given in Table 1 . The calibrated BMD values, using the previously described method, vary from the specified values (as given by QRM in milligrams of HA per cubic centimeter) by −2.2% to 1.9% for the QRM inserts with the IA calibration phantom in the FOV, while they varied by −1.6% to 0.9% without the IA calibration phantom in the FOV.
In order to reduce the nonlinear HU effects on the foot phantom inserts, caused by additional mass in the FOV and inconsistent placement of the IA calibration phantom relative to the foot phantom, all subsequent scans of the foot phantoms were performed without the IA calibration phantom in the FOV.
CT scan linearity and stability For the QRM inserts in the medium-sized foot phantom, there is a good linear fit, R 2 =0.9998, for the BMD values vs the measured HU values. For the two scans of the IA calibration phantom within a single scanning session, the measured HU values for the three embedded rods varied from −0.9% to 0.4% from the first to the second. The accuracy of the IA calibration for the baseline protocol, extrapolated through cortical bone values, is shown in a Bland-Altman [14] plot (Fig. 2) .
Test of X-ray tube energy on HU and BMD For the medium-sized foot phantom, the relative attenuation values (HU) of the QRM inserts vary by −5% to 22% for 140 to 80 kVp, respectively, compared to the 120-kVp results. The calibrated BMD values for the inserts at the different energy levels are given in Table 2 , along with the milligrams of HA per cubic centimeter values specified by QRM for each insert type used. The average percent differences are shown at each energy level, compared to both the default 120-kVp scan values and the QRMspecified values. For each QRM insert used, the calibrated BMD values differ, on average, by −0.9% to 0.0% from the values at 120 kVp and differ, on average, by −2.0% to 0.9% from the values as specified by QRM.
Since 120 kVp reliably produced acceptable image quality and is specified in the clinical protocol for lower extremities, all subsequent scans of the phantoms were performed at this energy level.
Test of distance from isocenter on HU and BMD
Varying the table height of an object places it at a different distance from the isocenter, causing the effective energy of the beam to change due to the bowtie filter of the CT scanner [15] . The observed effect of table height is that high-attenuation materials trend to lower HU values as the distance from the isocenter increases, changing relative attenuation by as much as −4.8% for the four QRM inserts used. The calibrated BMD values for the medium-sized foot phantom with QRM inserts, at three different table heights, are given in Table 3 , with the average percent differences from the calibrated BMD values at the isocenter for each of the QRM inserts used and the average percent differences of the calibrated BMD values from the specified values for each of the QRM inserts.
Impact of foot phantom size and insert location on HU
The variations of the measured HU values of the five PCTFE inserts with the small, medium, and large foot phantoms are shown in Fig. 3 . For the small-and largesized foot phantoms, the relative attenuations of the inserts changed by −1.2% to 1.4% compared to those in the medium-sized foot phantom. For a given foot phantom, the relative attenuations of the different insert locations changed by 0.5% to 3.7% compared to the respective insert located at the center. All data distributions were normally distributed (Shapiro-Wilk W test: p>0.05) and variances 
Effect of foot phantom orientation
For the medium-sized foot phantom, with five identical simulated-bone inserts (PCTFE), the measured foot phantom effective heights and relative attenuation values of the center insert are given, as follows: 56.9 mm and 1,350.3 HU at 0°; 78.0 mm and 1,349.6 HU at 45°. The inclination of the foot phantom at 45°effectively changed the cross-sectional thickness of the soft tissue, elongating it by a factor of the reciprocal of the cosine of the angle of inclination.
Effect of reconstruction kernel
For the medium-sized foot phantom, the results are given in Table 4 . The B70f and B35f kernels resulted in mean values of milligrams of HA per cubic centimeter that were closer to the values specified by QRM for the inserts than did either the B30f or B40f kernel. The standard deviations for the B30f, B35f, and B40f kernels were comparable to each other and were much lower than the standard deviation of the B70f kernel.
Discussion
The typical application of QCT has been analysis of trabecular bone in the spine, hip, proximal femur, and forearm, using BMD calibration phantoms manufactured with known concentrations of HA in a range of 0-200 mg HA/cm 3 (approximately 0-250 HU), which represents the range for trabecular bone with clinical CT [16, 17] . Cortical bone, however, ranges upward of 900 HU [10] , and existing BMD phantoms do not calibrate this upper range. To confirm that calibration, multiple points spanning the entire range should be used. This study demonstrates that the 64-slice Siemens Somatom Definition CT Scanner used in this study has a linear relationship between HU and milligrams of HA per cubic centimeter across the trabecular bone to cortical bone range and that extrapolating cortical BMD values from a trabecular BMD calibration phantom gives good results. Using a phantom with lower BMD values, such as those found in trabecular BMD calibration phantoms, avoids beam hardening errors that result when dense objects are scanned. We would anticipate that other modern multirow CT scanners would perform similarly and would likewise exhibit the general characteristics described below.
The most common modality for obtaining and reporting BMD values is DXA, which provides an areal measurement in milligrams per square centimeter. BMD values reported in this manner are often denoted as aBMD to distinguish them from volumetric measures of BMD. Measures of BMD by DXA have their own set of limitations, as discussed by Bolotin, making the modality of limited value Values are given as mean±standard deviation for comparing results to QCT-derived measures of BMD [18] , particularly for the small bones of the foot. While there have been no reported systematic investigations of sources of error and correction techniques for vQCT of the foot, Bligh et al. used a phantom study to investigate multirow vQCT parameters on the precision of BMD and reported precision estimates of 1.4% when scanning parameters were controlled [19] . Bligh et al. reported an upward trend of BMD values as the table height moved the patient phantom away from the isocenter. We found a reduction in HU values as the foot phantom was moved away from the isocenter; however, the calibration of HU to BMD controlled for the HU variation, and no upward trend in BMD values was noted. The reduction in HU as the object moves away from the isocenter is an effect of the bowtie filter used to minimize patient dose. The design of the filter is intended to equalize beam flux through tissue thickness differences in the torso, and it attenuates more flux at the limits of the FOV than in the center. In the case of foot scanning, the bowtie filter is not optimized as the foot has very little soft tissue compared to the torso and is much smaller in size. The study by Bligh et al. was based on vQCT scans of vertebrae with the BMD calibration phantom placed under the "patient" phantom during the acquisitions. The upward effect of BMD could be related to both the bowtie filter and beam hardening artifact resulting from the reference standard being in the FOV during scanning. Comparison of vQCT-derived BMD to known values in phantoms was not performed to assess accuracy of measurements as Bligh et al. focused strictly on precision. Our study identifies sources of error found with vQCT of the feet and shows which errors can be controlled through scanning technique and which errors still remain. While these errors are specific to foot scanning, the same principles can be applied to vQCT in general.
The current recommendation for QCT of the spine is to scan the BMD calibration phantom in the FOV with the object under examination [16] . This locates the BMD calibration phantom at approximately the same distance from the isocenter as the spine and has similar attenuation due to beam hardening. In the case of foot scanning with vQCT, our data suggest that the optimal placement of a BMD calibration phantom may be outside the FOV of the foot being scanned. Further studies of BMD calibration phantom placement during foot scanning would be needed to confirm this observation. The foot is a relatively small object, and relative HU values are more variable with positioning.
Our current scanning protocol utilizes an energy setting of 120 kVp, the standard-of-care diagnostic setting, when evaluating lower extremities with CT. Other workers have reported that using the lowest energy setting available is preferred for QCT scanning of the spine. Our study demonstrates that similar BMD values are obtained at different energy settings when a BMD calibration phantom is utilized. Our data also show that using a lower energy setting yields a greater difference in HUs between objects having different concentrations of HA. If thresholding is employed to discriminate trabecular bone from marrow or if thin cortical edges make it difficult to segment a bone from surrounding soft tissues, then a lower kilovoltage peak may provide better separation of HU for those purposes.
With any phantom study, there are limitations when applying the findings to research and ultimately to clinical practice. The "foot" phantoms modeled soft tissue as a uniform water-equivalent material and modeled bone as a [20] . Both soft tissue and bone reconstruction kernels are used in clinical QCT [16] . A soft tissue reconstruction kernel results in an image with less noise and may be preferred for typical spinal QCT evaluation. With the increased spatial resolution afforded by multidetector CT, some investigators have begun to assess bone structure in conjunction with BMD. In these cases, a high spatial reconstruction kernel was used to better delineate structure [21] . Typically, a manufacturer's kernel design is not publicly available and effects of kernel selection on HU must be determined empirically. In our phantom study, we found that a B70f kernel provided accurate results for a volumetric analysis of BMD for small bones in the foot. For a subregional analysis or 2D analysis of foot BMD, a reconstruction kernel with a lower standard deviation would be desirable. For a longitudinal study, the choice of kernel should be selected based on the parameters of interest, and then not changed. CT scanning also utilizes ionizing radiation, but the effective dose in the ankle and foot is about 0.07 mSv, which is less than a routine posteroanterior chest radiograph [22] . For our investigation of BMD in feet, we used a single CT scanner. For a multicenter trial, differences between scanners would need to be examined more thoroughly.
Ideally, for forefoot and midfoot scanning, we would align the long axis of the foot perpendicular to the scan plane; however, most subjects with DM enrolled in our studies have a limited range of motion about the ankle. For whole foot scanning, where the calcaneus is imaged, a 45°a lignment provides the least interaction between the tibia/ fibula and the calcaneus. Therefore, we scan the foot at a 45°angle of inclination.
We did not test the variation of tube current, as theoretically that should have little effect on mean HU and tests by other workers have confirmed this [23] . The experiments and results reported in this paper confirm that our scanning technique will control for sources of error to the best extent possible.
Some biological parameters cannot be controlled for during scanning, and these parameters may affect measured BMD values. These include swelling and location of a bone within the foot. We have shown that bones of similar concentrations of HA can have different HU depending on location, with bones in the central portion of the foot having lower values than bones located medially or laterally. The most likely cause of this artifact is that beam hardening correction is optimized for water and not for dense objects as used in this study. Use of the IA calibration phantom does not control for this source of error. This variation should have little effect for longitudinal studies comparing the same subject over time, as the location of the bones within the soft tissue and relationship to surrounding bones remains relatively fixed. We also demonstrated an inverse relationship between amount of soft tissue and HU of bone. This finding does have an impact on longitudinal studies; therefore, a decrease in BMD in the presence of soft tissue swelling should be considered with caution if correction methods are not employed.
Quantifying the variation in HU and BMD for a given tissue due to technical and biological factors provides an estimate of error in a measurement, but more importantly, understanding the source of the variation allows for controls and corrections to be implemented to achieve the best possible reliability and accuracy for a particular patient's foot. One possible correction technique that could be utilized to minimize the impact of swelling and the location of a bone within the foot would follow the method of Zerhouni et al. for lung nodule assessment [24] . This would involve having a series of foot-shaped phantoms of different sizes and inserts. An appropriate BMD calibration phantom, matching the general size of a patient's foot, would be selected, positioned, and scanned to correct for size and location of bones within a foot. This, however, may not be a clinically tenable solution. An alternative method of correction would utilize a synthetic image formation model to compute corrections. A CT image of the foot would be post-processed in a mathematical model of the CT system, where the beam spectrum and bowtie filter were specified and the foot treated as a twocomponent bone and soft tissue model, with corrections calculated based on what the actual values should be. We are working on developing such a mathematical model and believe errors due to swelling and location of a bone within a foot can likely be reduced. Measurement data (sinograms) are now being archived from patient scans, allowing the possibility of retrospective reconstructions as we develop improved processing techniques.
Conclusions
Current efforts to identify candidate prognostic and therapeutic biomarkers for NCA based on vQCT [25] are heavily dependent on an understanding of the accuracy and precision of BMD measurements. These measurements are comprised of two components, the inherent accuracy of the imaging technique discussed here and the error introduced by the IA process [26] .
This study demonstrated that HU variations due to energy (in kilovoltage peak) and distance from the isocenter (table height) can be controlled when converting to BMD by using an IA calibration phantom scanned at the same kilovoltage peak and table height as a foot phantom; however, HU variations due to soft tissue thickness and the location of bones within a foot cannot be fully controlled when converting to BMD by using an IA calibration phantom alone. For the best results during foot scanning, we recommend aligning the center of the foot at the isocenter, positioning the foot at a fixed angle of inclination, and using the same kilovoltage peak setting for all scans. While these results are manufacturer-and scanner-specific due to scanner-specific field inhomogeneities, it is likely that the technical and biological parameters described in this study would produce similar effects for vQCT foot scanning using other modern CT scanners. QCT in the feet may be useful as both a clinical and research option for assessing risk and response to treatment for diabetic foot disease.
